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METALLIC COATINGS ON SILICON SUBSTRATES, AND METHODS OF 
FORMING METALLIC COATINGS ON SILICON SUBSTRATES 

CONTRACTUAL ORIGIN OF THE INVENTION 
[0001] The United States Government has rights in the following invention pursuant to 
Contract No. DE-AC07-99ID 13727 between the U.S. Department of Energy and Bechtel 
BWXT Idaho, LLC. 

TECHNICAL FIELD 

[0002] The invention pertains to metallic coatings on silicon substrates, protected silicon 
surfaces, methods of forming metallic coatings on silicon substrates and methods of protecting 
silicon surfaces and other semiconductor surfaces. 

BACKGROUND OF THE INVENTION 

[0003] Silicon and materials containing silicon are used for a variety of electronic 
applications including semiconductors and other electronic devices, and also in technologies 
such as microelectromechanical systems (MEMS), and Integrated Micromechanical Systems- 
on-a-Chip. Due to the excellent semiconductive properties of silicon, silicon has been utilized 
extensively in various electronics industries. Such extensive use has lead to the development 
of silicon processing methods such as photolithography and other patterning techniques which 
allow precision processing and fabrication of microscale silicon structures. These techniques 
are now additionally being employed to form silicon devices such as, for example, 
microengines. However, silicon has relatively poor mechanical properties, and has little wear 
resistance and corrosion resistance relative to other materials such as some metallic materials. 
Technology has yet to be developed for the patterning of metal materials on the microscale 
size level with the precision which silicon processing occurs. 
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[0004] Steel is a metallic alloy which can have exceptional strength characteristics, and 
which is commonly utilized in structures where strength is required or advantageous, such as 
in the skeletal support of building structures, tools, engine components, and protective 
shielding. The internal structure (microstructure) of conventional steel alloys is always 
metallic and polycrystalline (consisting of many crystalline grains). More recently, steel 
alloys have been developed which can attain an amorphous microstructure, referred to as 
metallic glass. The metallic glass can in turn be treated to "devitrify" the glass and thereby 
form a crystalline structure which can, in some instances, be nanocrystalline (having crystal 
grains on the order of 10" 9 meters). 

[0005] The particular alloy composition generally determines whether the alloy will 
solidify to form microcrystalline grain structures or amorphous glass. Conventional steels 
having microcrystalline grain structure can be produced to have a high hardness, although an 
increased hardness can be accompanied by a decrease in toughness utilizing conventional steel 
processing methods. Amorphous glass steel materials can be produced which can have 
exceptionally high strength and hardness. Additionally, amorphous steel can be devitrified to 
produce materials having nanocrystalline grains, and having an increased hardness relative to 
the glass. Further, nanocrystalline steel materials formed by devitrification of metallic glass 
can be produced which can achieve an increased hardness without a corresponding loss of 
toughness. 

[0006] The steel materials discussed above have high strength, and are highly resistant to 
wear and corrosion, relative to silicon materials. It is desirable to develop methods of coating 
silicon materials with steel materials and methods of metallizing silicon surfaces. 
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SUMMARY OF THE INVENTION 

[0007] In one aspect, the invention encompasses a method of forming a metallic coating 
on a substrate which contains silicon. The substrate has a silicon surface and a metallic glass 
layer is formed over the silicon surface. In one aspect the invention encompasses a method of 
protecting a substrate which contains silicon. The substrate is provided within a deposition 
chamber along with a deposition target. Material from the deposition target is deposited over 
at least a portion of the silicon substrate to form a protective layer which contains metallic 
glass. The metallic glass comprises iron and one or more of B, Si, P and C. 

[0008] In one aspect the invention encompasses a structure including a substrate 
containing silicon and a metallic layer over the substrate. The metallic layer contains less than 
or equal to about 2 weight % carbon and has a hardness of at least about 9.2 GPa. The 
metallic layer can have an amorphous microstructure or can be devitrified to have a 
nanocrystalline microstructure. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0009] Preferred embodiments of the invention are described below with reference to the 
following accompanying drawings. 

[0010] Fig. 1 is a fragmentary, diagrammatic, cross sectional view of a substrate at a 
preliminary processing step of a method of the present invention. 

[0011] Fig. 2 is a view of the Fig. 1 substrate shown at a processing step subsequent to that 
of Fig. 1. 

[0012] Fig. 3 illustrates true-stress/true-strain measurements obtained from metallic 
ribbons comprising metallic glass of the composition (Feo.8Cro.2)8iBi7W2. The graph curves 
reflect data obtained at 20°C at a strain rate of 10"Y ! . 
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[0013] Fig. 4 is a scanned image of a coated silicon coupon which was coated by pulsed 
laser depositing a coating of approximately 1 micron thickness of composition 
(Feo.8Cro.2)73Mo 2 W 2 B i 6 C 4 Si jMn 2 . 

[0014] Fig. 5 shows an X-ray diffraction scan of the as-deposited coating shown in Fig.4. 
[0015] Fig. 6 shows an X-ray diffraction scan of the coated silicon coupon of Fig. 4 which 
has been subsequently heat treated at 700°C for 1 hour. 

[0016] Fig. 7 illustrates measured (Panel A) and Rietveld refined (calculated, Panel B) X- 
ray diffraction patterns of a pulsed laser deposited coating comprising the composition 
(Feo.8Cro.2)73Mo2W 2 Bi6C4SiiMn 2 after heat treating the coating for 1 hour at 700°C. 

[0017] Fig. 8 is a SEM micrograph of a coating deposited from a target comprising 
(Feo.8Cro. 2 )73Mo 2 W 2 Bi 6 C4SiiMn 2 , formed by methods of the present invention utilizing pulsed 
laser deposition followed by treatment for 1 hour at 700°C. 

[0018] Fig. 9 shows an EDS scan taken at the surface of a heat treated coating which was 
formed by pulsed laser deposition from a target comprising the composition 
(Fe 0 .8Cr 0 . 2 )73Mo 2 W 2 B i 6 C 4 Si iMn 2 . 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0019] This disclosure of the invention is submitted in furtherance of the constitutional 
purposes of the U.S. Patent Laws "to promote the progress of science and useful arts" 
(Article 1, Section 8). 

[0020] The invention encompasses methodology for forming metallic glass materials and 
for forming materials having nanocrystalline scale composite microstructures over silicon 
substrates. For purposes of the present description, the term "silicon substrate" can refer to 
any structure or device comprising silicon. The silicon comprised by the substrate is not 
limited to a particular form and can comprise monocrystalline silicon, polycrystalline silicon, 
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amorphous silicon, silicon oxide, silicon dioxide, silicon nitride, silicon carbide and 
combinations thereof. Additionally, the substrate can comprise any of the listed silicon 
materials in combination with other non-silicon materials. 

[0021] A process encompassed by the present invention is described generally with 
reference to Figs. 1 and 2. Referring first to Fig. 1, a substrate 10 is provided for treatment of 
a surface 12. Substrate 10 comprises silicon and can further comprise additional materials as 
discussed above. Surface 12 can comprise a silicon surface such as, for example, a surface 
comprising monocrystalline silicon, polysilicon, amorphous silicon, silicon oxide, silicon 
dioxide, silicon nitride or silicon carbide. Alternatively, surface 12 can comprise a non-silicon 
material comprised by the silicon substrate such as, for example, a metallic material. 
Additionally, surface 12 can comprise a plurality of materials. For example, surface 12 can 
comprise two or more silicon comprising materials, can comprise two or more non-silicon 
materials or can comprise mixtures of silicon materials and non-silicon materials. Preferably, 
at least a portion of surface 12 comprises silicon. It can be advantageous for surface 12 to 
comprise at least some silicon for enhancing adhesion of a subsequently deposited metallic 
layer (discussed below). 

[0022] Surface 12 can be planar as shown in Fig. 1, or alternatively can be non-planar or 
patterned (not shown). A patterned surface 12 can be provided by, for example, patterning 
substrate 10 utilizing conventional patterning techniques such as, for example, 
photolithography and/or etching techniques. 

[0023] Referring to Fig. 2, surface 12 can be treated by forming a layer 14 comprising a 
metallic material over surface 12. Formation of layer 14 can preferably comprise deposition 
utilizing an ablation technique. Exemplary ablation techniques which can be utilized for 
purposes of deposition of layer 14 include pulsed laser deposition, sputtering and other 
conventional ablation techniques. The ablation deposition can utilize a single deposition target 
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or multiple deposition targets. In particular aspects, multiple targets of differing composition 
can be utilized wherein the combination of differing compositions can be combined to form a 
desired total composition. Additionally, where a single target is utilized the single target can 
comprise a homogeneous ablation surface consisting of the composition to be deposited or can 
comprise a heterogeneous surface having regions of differing composition wherein the 
differing compositions can be combined to provide the desired total composition to be 
deposited. For purposes of the present description, the total composition to be ablated can be 
referred to as the source composition. Although deposited layer 14 can preferably comprise a 
composition identical to the source composition, it is to be understood that the deposited 
composition can vary somewhat relative to the source material composition. 
[0024] A source material for purposes of the present invention preferably comprises a steel 
material composition capable of forming a metallic glass. For purposes of interpreting this 
disclosure and the claims that follow, "steel" is defined as any iron-based alloy in which no 
other single element (other than iron) is present in an excess of 30 weight %, for which the 
iron content amounts to at least 55 weight % and carbon is limited to a maximum of 2 weight 
%. Steel alloys of can additionally incorporate other elements including, but not limited to, 
manganese, nickel, chromium, molybdenum, vanadium, silicon, aluminum, boron, 
phosphorous, sulfur, tungsten, and any of the rare earth metals. 

[0025] An exemplary steel composition comprises at least 55% iron, by weight, and can 
additionally comprise at least one of B, C, Si and P. In particular aspects of the present 
invention, the composition will comprise at least two of B, C, and Si. The composition can 
comprise each of C, B and Si and in particular embodiments can comprise B, C, and Si at an 
atomic ratio of BnCsSij, or at an atomic ratio of Bj6C4Sii. In particular aspects of the 
invention, the composition can contain at least one transition metal, preferably selected from 
the group consisting of W, Mo, Cr, and Mn. Al and/or Gd can also be present in the 
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composition in particular aspects of the invention. The particular composition of a steel alloy 
generally determines whether the alloy is capable of forming an amorphous glass (metallic 
glass) when the alloy solidifies. 

[0026] Compositions of the present invention preferably comprise fewer than eleven 
elements, and can more preferably comprise fewer than nine elements. Additionally, the 
composition can comprise as few as two elements. In particular embodiments, the mixture can 
consist essentially of fewer than eleven elements. Where a particularly pure composition is 
desired, the composition can consist of fewer than eleven elements. Further, the composition 
can consist essentially of, or can consist of as few as two elements. Generally, the steel 
compositions are composed of from four to eight elements. 

[0027] Exemplary steel compositions which can be utilized in the methodology of the 
present invention include Fe 6 3Mo 2 Sii, Fe63Cr 8 Mo 2 , Fe 6 3Mo 2 Al 4 , (Feo.8Cro.2)8iBnW 2 , 
(Feo.8Moo.2)83Bn, Fe 6 3Bi 7 Sii, Fe63Cr 8 Mo2C 5 , Fe 6 3Mo 2 C 5 , Fe 8 oMo 20 , Fe63Cr 8 Mo 2 Bi7, Fe 8 3Bi 7 , 
Fe 63 B,7Si 5 , Fe 63 B 17 C 2 , Fe 63 B 17 C 3 Si3, (Fe 0 . 8 Cr(,2)79B, 7 W 2 C 2 , Fe 6 3Bi 7 C 3 Si 5 , Fe 63 B 17 C 2 W 2 , 
Fe 63 B 17 C 8 , Fe 63 B 17 C 5 , Fe 63 B i 7 C 5 Si 5 , (Fe 0 . 8 Cr a2 ) 78 Mo 2 W 2 B 12 C 5 Si , , Fe 63 B i 7 C 5 W 5 , 
(Fe 0 . 8 Cr 0 . 2 ) 7 iMo 2 W 2 B , 7 C 5 Si , Gd 2 , (Feo. 8 Cr a2 )75Mo 2 B i 7 C 5 Si , , (Fea 8 Cro. 2 ) 76 Mo 2 W 2 B , 4 C 5 Si i , 
(Fe 0 . 8 Cro.2) 7 3Mo 2 W 2 B 16 C 4 SiiMn 2 , Fe 6 3B 17 C 5 Sii, Fe 63 Cr 8 Mo 2 B 17 C5, Fe 63 Cr 8 Mo 2 B 17 C 5 Si 1 Al4, 
(Fe 0 . 8 Cro. 2 ) 7 5W 2 Bi 7 C 5 Si,, (Feo. 8 Cro.2)73Mo 2 W 2 Bi 7 C 5 Sii, (Feo.8Cr a2 ) 72 Mo2W 2 BnC5SiiGdi, and 
(Feo. 8 Cr a 2)74Mo2W 2 B 17 C 4 Si , . 

[0028] It can be advantageous to utilize the steel compositions as set forth above for 
forming layer 14 due to the ability of the compositions to form super-hard steel coatings. 
These compositions have been shown to be able of forming metallic glass structures which 
may be transformed through a solid-solid state devitrification transformation to yield 
multiphase nanoscale composite microstructures. As deposited (prior to devitrification) these 
compositions can comprise up to 100% amorphous structure (metallic glass) and can typically 
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have a hardness of at least about 9.2 GPa since all properties of the metallic glass formed of 
the composition have been determined by forming metallic glass ribbons of the composition to 
be tested. As shown in Fig. 3, stress strain curves for metallic glass ribbons show that 
elongation as high as 60% is obtainable. Devitrification of the steel alloy compositions can 
further increase the hardness of the material. Additionally, devitrified ribbons have exhibited 
super plasticity having maximum elongation of up to about 180%. Yield strengths for the steel 
compositions have been measured as high as 2880 MPa with ultimate yield strengths of 3140 
MPa and tensile elongation of 5% (Fig. 3) at room temperature. 

[0029] Deposition targets for utilization for forming layer 14 can be prepared by 
depositing the desired compositions onto a base such as a 4340 base steel coupon. Such target 
formation can utilize thermal deposition techniques including but not limited to high velocity 
oxyfuel (HVOF) deposition of the composition onto the base. Alternatively, other 
conventional methods of target formation can be utilized. 

[0030] Still referring to Fig. 2, layer 14 is not limited to any particular thickness and can 
preferably be performed to have a thickness of from about 10 Angstroms up to about 3 
microns, more preferably from 0.5 microns to about 1.5 microns. Where pulsed laser 
deposition is utilized, a deposition rate can typically be about 10 Angstroms per second. It is 
to be understood that the methods of the present invention encompass other deposition 
techniques and rates, and that the preferable range of deposition rates may vary depending on 
the technique utilized. Accordingly, deposition time will vary based on the deposition 
conditions, the source composition, and the technique utilized. 

[0031] The as-deposited coatings of the invention adhere well to silicon substrates when 
applied using ablation techniques. Although thermal deposition techniques, such as High 
Velocity Oxy Fuel (HVOF) deposition or plasma spray deposition, can be utilized to deposit 
steel coatings onto silicon substrate, the coatings formed by such thermal deposition methods 
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adhere to silicon materials less strongly relative to those formed by ablation techniques. Steel 
coatings formed by ablation deposition under appropriate conditions adhere to the silicon 
substrate such that the coating remains adhered to the silicon surface after repeated attempts to 
scrape off the coating with a razor blade. 

[0032] Deposition temperature during the formation of layer 14 can affect the strength of 
adhesion of layer 14 to the underlying substrate. Where the deposition temperature is too high 
the steel composition deposited can dissolve some of the silicon into the steel, and where the 
deposition temperature is too low, the metallic layer 14 does not adhere as well relative to 
utilization of a higher deposition temperature. Additionally, uniformity, roughness and 
topography of an outer surface of layer 14 can vary depending on deposition conditions. An 
appropriate deposition condition will depend upon the composition to be deposited, the 
composition of surface 12, and additional factors such as whether substrate 10 has been 
preheated prior to initiation of the deposition of layer 14. 

[0033] Fig. 4 shows a scanned image of a surface of a silicon coupon coated with 
approximately 1 micron thickness of material deposited from a target having composition 
(Feo.gCro.2)73Mo2W2Bi6C4SiiMn2. The coating shown was deposited by pulsed laser 
deposition using a 200 mJ laser at 20 Hz. The scanned image was obtained from the layer as 
deposited (prior to any devitrification). The X-ray diffraction scan shown in Fig. 5 was 
performed on the as-deposited layer shown in Fig. 4. In Fig. 5, the broad peak centered near 
45° indicates that an amorphous structure was formed. The single Bragg diffracted peak in 
Fig. 5 is due to the silicon substrate. 

[0034] Prior to any subsequent treatment, as-deposited layer 14 can comprise a 
microstructure that includes at least some metallic glass. The amount of amorphous structure 
within layer 14 will depend upon the deposition method, the deposition conditions and the 
composition of the source material. As discussed above, layer 14 can comprise a hardness of 
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greater than about 9.2 GPa. Typically, layer 14 will comprise a hardness of between about 
9.2 GPa and about 15.0 GPa. Depending upon the desired properties for coating layer 14, 
substrate 10 can be utilized without further processing of layer 14. Alternatively, the metallic 
material of layer 14 can be further treated to devitrify some or all of the metallic glass present 
in the metallic material to form crystalline material having a nanocrystalline grain size. This 
solid-solid devitrification step can result in an increased hardness of the devitrified layer 
relative to the as-deposited layer. 

[0035] Devitrification of the material of layer 14 can comprise heat treatment of the as- 
deposited layer. The treatment can comprise heating the layer, or a portion of the layer, to a 
temperature above the crystallization temperature of the particular deposited steel composition 
and less than the melting temperature of the composition, and can comprise heating from 
between 1 minute to about 1,000 hours. Devitrification will typically comprise heating layer 
14 from about 550°C to about 850°C for between about 10 minutes and about 1 hour. 

[0036] Heat treatment of metallic glass material enables the solid state phase change 
wherein the amorphous metallic glass can be converted to one or more crystalline solid phases. 
The solid state devitrification of amorphous glass structure enables uniform nucleation to 
occur throughout the amorphous material to form nanocrystalline grains within the glass. The 
metallic matrix microstructures formed by devitrification can comprise a steel matrix (iron 
with dissolved interstitials) or a complex multi-phase matrix comprising several phases, one of 
which is ferrite. The nanocrystalline steel metal matrix composite grain structure can enable a 
combination of mechanical properties which are improved compared to the properties which 
would exist with larger grain sizes or with the metallic glass. Such improved mechanical 
properties can include, for example, high strength and high hardness, and for particular 
compositions of the present invention can include a maintained or even increased toughness 
relative to materials comprising larger grain sizes or comprising metallic glass. 
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[0037] The resulting structure of devitrified material can comprise nanoscale grains 
comprising from about 50 to about 150 nanometer grain size. Additionally, the devitrified 
material can comprise second phase precipitates at grain boundaries having a precipitate size 
on the order of 20 nanometers. Figs. 6, 7, 8 and 9 show data obtained after devitrification of 
the as-deposited layer (shown in Fig.4) according to methods of the present invention. The as 
deposited layer was heat treated at 700°C for one hour. The X-ray diffraction scan shown in 
Fig. 6 reveals many sharp crystalline peaks indicated that several nanoscale phases formed in 
the devitrified material. 

[0038] Referring to Fig. 7, an X-ray diffraction data pattern shown in Panel A was 
obtained from the heat treated coating and was in turn refined as shown in Panel B to identify 
the nanocomposite structure which is summarized in Table 1. 



TABLE 1 

Phase Information for a Devitrified Coating Deposited from A Target of 
Composition (Fe 0 .8Cro. 2 )73Mo 2 W 2 B i 6 C 4 SiiMn 2 



PHASE 


Crystal Structure 


Space Group 


Lattice Parameters (A) 


a-Fe 


cubic 


Im3m 


a=2.867 


Fe 23 C 6 


cubic 


Fm3m 


a=10.614 


Fe 3 B 


tetragonal 


1-4 


a=8.636; c=4.267 


Fe 2 B 


tetragonal 


I4/mcm 


a=5.083; c=4.222 



[0039] The microstructure of the heat treated coating was found to consist of four phases 
(a-Fe, Fe23Q, Fe3B and Fe2B). These results are similar to those obtained previously from a 
coating formed by HVOF. The present analysis indicated an additional phase (Fe 2 B) in the 
coating formed by pulsed laser deposition relative to the HVOF coating. This additional phase 
is not unusual in alloys of this type and is the stable phase in the Fe-B binary system. 
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[0040] The surface of the heat treated layer 14 was observed utilizing SEM to determine 
uniformity of the coating as shown in Fig. 8. The majority of the structure appears uniform on 
a 200 nm length scale with some larger particles and particle boundaries apparent. An EDS 
scan shown in Fig. 9 was taken at the surface of the heat treated layer 14. The EDS scan 
positively identified Fe, Cr, W and Si with minor peaks present at the Mo and Mn positions. 

[0041] The data obtained for the as-formed and devitrified coatings indicate the ability of 
the compositions to form metallic glass upon ablation deposition and to form nanocrystalline 
microstructure upon devitrification. 

[0042] Coatings formed by methodology of the present invention can be utilized for 
protecting surfaces comprising silicon, for protecting non-silicon surfaces comprised by a 
silicon-containing structure, can be utilized for providing support and/or mechanical strength 
to silicon comprising devices and can impart wear resistance to silicon comprising structures. 
Although the coatings of the invention are described as being useful with respect to silicon 
surfaces and materials, the coatings can be useful for protecting other semiconductor surfaces 
including those in GaAs based semiconductors as well. Exemplary technologies to which the 
methods and coatings of the invention may be especially useful include, but are not limited to, 
semiconductor devices, microelectromechanical systems, and integrated micromechanical 
systems-on-a-chip. Additionally, use of the materials of the invention is not limited to 
coatings since these materials can be used to form structural features in any of these devices as 
well. 

[0043] In compliance with the statute, the invention has been described in language more 
or less specific as to structural and methodical features. It is to be understood, however, that 
the invention is not limited to the specific features shown and described, since the means 
herein disclosed comprise preferred forms of putting the invention into effect. The invention 
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is, therefore, claimed in any of its forms or modifications within the proper scope of the 
appended claims appropriately interpreted in accordance with the doctrine of equivalents. 
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